This paper describes an electrostatic field-assisted assembly technique combined with an electrospinning process used to position and align individual nanofibres (NFs) on a tapered and grounded wheel-like bobbin. The bobbin is able to wind a continuously as-spun nanofibre at its tip-like edge. The alignment approach has resulted in polyethylene oxide-based NFs with diameters ranging from 100-300 nm and lengths of up to hundreds of microns. The results demonstrate the effectiveness of this new approach for assembling NFs in parallel arrays while being able to control the average separation between the fibres.
Introduction
One-dimensional (1D) nanostructures, such as nanowires, nanofibres (NFs), nanotubes and molecular wires, are currently being investigated for their unique electronic and mechanical properties and their potential implementation in devices [1, 2] . Integration of nanotubes and nanowires (NWs) into useful devices requires reproducibly locating them in specific positions and orientations. The ability to do so, however, remains a major challenge in the field.
In this paper, we describe an approach for aligning NFs on conductive substrates using electrostatic forces. The alignment process is combined with an electrospinning process that yields polymer-based NFs. By controlling the electrostatic field, the NFs are attracted to a sharp-edged wheel that assists in patterning infinitely aligned NFs. Subsequent optical microscopy and high-resolution scanning electron microscope studies show that these fibres are, indeed, highly oriented.
The current processes used to construct devices based on NWs or nanotubes are classified according to the applied physical principle. Smith et al [3] and Duan et al [4] present an approach that utilizes electrostatic fields to precisely align suspended metallic NWs between two electrodes. Tanase et al [5] report orienting and assembling NWs suspended in a fluid solution using magnetic fields. In this process, the dynamics of 'chaining' NWs in a fluid solution is most commonly reported being achieved using viscous drag and 1 Corresponding author. magnetic dipole-dipole forces. Messer et al [6] report aligning and patterning conductive NWs on substrates using a microchannel network. This technique relies on filling the microchannels via capillary action and then evaporating the solution.
Huang et al [7] present a strategy for assembling a suspension of NWs in parallel arrays by combining fluidic alignment (using fluidic channels) with surface patterning techniques. The channel flow near the substrate surface resembles a shear flow that assists in aligning the NWs in the flow direction. An atomic force microscope (AFM) has also been used to align nanotubes in the desired configurations and to form functional networks [8] .
In this paper, we seek to develop simple methods for constructing functional NF networks using an electrospinning process. Electrospinning of NFs is a relatively novel process that allows the continuous production of fibres ranging from less than 3 nm to over 1 µm in diameter [9] [10] [11] [12] [13] [14] [15] [16] . A liquid jet is pulled by electrostatic forces from the tip of a droplet attached to a high voltage dc source (up to 30 kV) opposite a ground plate at a distance of about 20 cm (see figure 1) . The droplet acquires a cone-like shape, sometimes termed a Taylor cone. When concentrated polymer solutions (weight concentration 2-10%) are used as working liquids, capillary break up of the jet is prevented by high elongational viscosity. Electrostatic forces associated with mutual Coulombic interaction of different sections of the jet make it unstable to bending perturbations, as explained in [11, 12] . Bending instability rearranges the jet in a sequence of connected loops. In turn, these loops become unstable, revealing secondary and tertiary loops. Then, the jet configuration becomes a very complicated multi-loop path filling a virtual cone suspended on an almost straight initial jet segment. The jet length increases enormously at a relatively short distance from its origin, resulting in a drastic reduction of the jet diameter to the sub-micron range. The whole group of solidifying loops is ultimately attracted toward the ground plate, where it deposits and discharges. A non-woven mat of NFs is created on the ground plate, creating an almost ready product for such applications as filter media (see figure 2) .
Recently NFs have also been made using blends of spinnable (e.g. polyethylene oxide, PEO) and non-spinnable, but conductive (e.g. polyaniline doped with camphorsulfonic acid, PAn.HCSA) polymers [14] . The resulting NFs are conductive and are of potential interest for applications in micro-and optoelectronics, for example, NWs, LEDs, photocells, etc. For such applications, however, non-woven mats of NFs might appear much less suitable than a single nanofibre.
Ordinary textile technology or production processes used for manufacturing optical fibres [17] [18] [19] (fibre spinning or drawing) are based on winding a single fibre on a rotating drum or bobbin. This winding can be achieved easily given the fact that spinlines are straight in these cases. In electrospinning, however, the jet path is a very complicated three-dimensional curve. As far as we know, this is the reason that continuous winding of a single NF has never been realized. Nevertheless, since electrostatic forces dominate the electrospinning process, it is to a certain extent possible to control the developing jet path by manipulating the applied electrostatic field. The present work aims to develop such a capability, namely to control NF placement using electrostatic forces. The assembly approach and the experimental setup are described in section 2. Experimental observations are presented in section 3. Results are discussed in section 4. The summary of the experiment and the conclusions are presented in section 5. Figure 3 shows a sketch of the experimental apparatus. The jet flows downward from the surface of a pendant drop of fluid toward a rotating disc collector at a distance h = 150 mm below the droplet. The disc has a tapered edge with half angle θ = 26.6
Experiment
• in order to create a stronger converging electrostatic field. An electric potential difference of around 8.5 kV was created between the surface of the liquid drop and the rotating disc collector. All experiments were performed at room temperature, which was about 25
• C. Polyethylene oxide with a molecular weight of 10 6 (purchased from Aldrich) at a weight concentration of 4% was dissolved in a mixture of around 60% water and 40% ethanol. The solution was stored in a plastic syringe with an internal diameter of about 1 mm. At the beginning of the experiment, a pendant droplet of polymer solution was supported at the tip of the syringe. When the potential difference between the droplet and the grounded wheel is increased, the droplet acquires a cone-like shape (Taylor cone). At a certain potential difference, a stable jet emerged from the cone and moved downward toward the wheel. After the jet flowed away from the droplet in a nearly straight line, it bent into a complex path that can be described by an envelope cone. Then, in a manner unlike that found in the common electrospinning process (figure 1), at a certain point above the wheel the envelope cone started to shrink, resulting in an inverted envelope cone with its apex resting on the wheel's edge.
During the spinning process, the disc was rotated at a constant speed by a dc motor to collect the developing NFs onto its sharp edge. The linear speed at the tip of the disc collector was V = 22 m s −1 with an angular velocity of 1070 rpm. As a result, as the spun fibre reached the wheel's edge, it was wound around the wheel.
A region above the wheel about 40 mm across near the apex of the inverted envelope cone was imaged with an electronic camera (MotionScope-Redlake Imaging Corporation) that recorded up to 8000 frames s −1 with exposure times as short as 0.0125 ms. The camera was equipped with a 70-180 mm, f/4.5 zoom lens.
The NFs and the array obtained were observed with a high resolution SEM (HRSEM Leo Gemini 982). The NFs were collected on a carbon-based tape attached to the wheel's edge. 
Observations

Jet paths
The region near the apex of the inverted envelope cone above the wheel's edge was imaged. Two of these images are shown in figure 4 . The optical axis of the camera is perpendicular to the wheel axis, which is horizontal to the images. The diameter of the loops decreased at the bottom, since the charged polymer jet was attracted to the tapered edge. Ultimately, the NFs were pulled onto the tip. Most of the developing NFs were collected on the sharp edge of the disc. Figure 5 shows images of the jet entering the inverted envelope cone apex that coincides with the wheel edge. The sharp edge of the rotating disc is visible as a dark triangle at the bottom of these images. These images show that, as the polymer jet approaches the collector, it is pulled toward the tip of the grounded collector, even though above it the jet is fully looped.
From figure 5(d) , it appears that the NFs were not collected on the edge of the disc but rather at some point beneath the edge. This is true for a small percentage of the collected NFs. Note, however, that the disc is rotating downward (away from the camera) and that the images only show the process in two dimensions. Since the jet in figure 5(d) is not exactly in focus, it is reasonable to assume that it still reaches the tip at some point lower than the upper visible edge of the disc in the image. 
NF array
NFs were collected on carbon tape that was attached to the wheel edge. The collected NFs were imaged by HR-SEM (see figure 6 ). The collected NFs show a high order of alignment. The diameter of the NFs is not uniform and varies from 100 to 300 nm in figure 6(a) and from 200 to 400 nm in figure 6(b) . The separation between the parallel NFs is not completely uniform and varies from 1 to 2 µm in figure 6(a) and from 1 to 1.5 µm in figure 6(b) . The parallelism of the aligned NFs was measured relative to one another. The standard deviation was 0.76
• (45 min). The NFs were collected over a 20 s period. The density of the NFs can be controlled by altering the collection duration. Experiments carried out at a constant rotational speed show that NF density increases with an increase in collection duration.
Braid from NFs
A typical image of a braid of NFs is shown in figure 7 . The duration of the collection process was 60 s. The braid was manually detached from the wheel edge. An HR-SEM image of the braid is shown in figure 8 . The NFs are in contact, and their parallelism is high.
Results and discussion
The observations can be explained within the framework of an electrostatic field created between two point charges. As it applies to this experiment's setup in which a sharpened disc collector was used, the electrostatic field can be approximated by the electrostatic field between two point charges, and can be described analytically [20] . In the experiment, the charged polymer droplet (at the bottom of the syringe) corresponds to the positive point charge, and the edge of the disc collector to the negative point charge (see figure 9(a) ). This figure shows that the gradient of the electrostatic field increases as it approaches the edge of the disc collector. The absolute value of the electrostatic field for the case of x = 0, where the centres of the positive electrode and the disc lie, is depicted in figure 9(b) . For simplicity, the tip of the positive electrode, the tip of the disc collector and the axis of the disc are located at y = 15, 0, −10 cm, respectively. The large effect that the sharp edge has on the electrostatic field is emphasized in this figure. Keep in mind that the disc collector is grounded. The equipotential lines of electrostatic potential are shown as thin black lines in figure 9(c) . The electrostatic field force lines are perpendicular to the equipotential lines. Thus it is clear that the force lines (shown as thick black lines with arrows) converge toward the grounded disc collector.
The sharp edge of the disc collector affected the electrostatic field and exerted a pulling force on the jet. In addition, the rotation of the wheel also had an effect on the NFs once they were connected to the wheel and wound around its perimeter. It is assumed that the tangential force acted on the NFs by further stretching the collecting nanofibre, and consequently reduced the NF's diameter. It was observed that the density of the NFs (the number of NFs µm −2 ) is a function of the collection duration as well as the electrospinning parameters, which affect the intrinsic nanofibre structure. Moreover, the collected NF density decreased as one moved further from the tip of the sharp edge.
In principle, the NFs can be collected on any surface placed on top of the disc collector and that can be deformed to fit the shape of the sharp edge. Carbon tape was used in this experimental setup, since the subsequent examination of the NFs under a SEM required a conductive substrate.
The periodic array obtained in our experiment can be explained by the fact that the NFs that reach the electrically grounded target retain sufficient residual charges to repel each other and thereby influence the morphology of the formed NF array [11, 13] . As a result, once a fibre is attached to the wheel tip, it will exert a repulsive force on the next fibre attracted to the wheel tip. The repetition of this successive repulsion causes the observed separation between NFs. Since the fibre diameters and charges are not completely identical, the repulsive force will vary, which may explain the variation in distance separating the NFs.
Summary and conclusions
A straight segment of an electrically charged jet of polyethylene oxide solution was created by an electric potential being applied between the pendant drop and the sharp edge of a wheel-shaped collector. An envelope cone beginning at the end of the straight segment defined the region inside which the jet developed. As the conical envelope cone approached the sharp edge of the disc collector, it began to shrink and ultimately formed an inverted cone with its apex lying on the sharp edge. The NFs were attracted to the sharp edge and wound themselves around the wheel's circumference. The NFs collected on the wheel's edge were assembled in a parallel array.
The results demonstrate an ordering of NF structures over a multiple length scale organization of 100 nm-diameter NFs with 1 µm scale separation over millimetre scale areas. This property may provide the means to connect nanodevices to the macroscopic world.
Furthermore, we believe that this electrospinning process combined with a 'smart' control approach represents a general strategy that can be used to organize NFs into the structures needed for microelectronic wiring, interconnects, and sundry functional devices.
The assembly approach can be expanded into a hierarchical assembly of 1D NFs in well-defined functional networks. This will make it relatively easy to create complex 3D crossed fibre structures (e.g. Huang et al [7] ).
The unique approach for dealing with the alignment of NFs that was described in this paper offers some advantages over current nanofibre manufacturing processes. In the method described the NFs are aligned during the manufacturing process itself, thereby eliminating the need to handle the NFs mechanically or electrically after collection.
